Luminescence data for Eu '+ and Gd'+ in fluoroindate glasses are compared to those of a fluorozirconate glass. Emission is observed from Eu3+ sD, (.I= 0, 1,2 and 3) and Gd3+ 6P ,,r excited-state levels and the results put in evidence Eu-Eu and GdEu energy transfer processes. Vibronic bands related to a 320 cm-' vibrational mode could be observed for Eu3+ luminescent transitions with AJ=O, 1 and 2 and also for the 6P,~2+8S7~2 transition of Gd 3+. Lanthanide ion site symmetry is closer to an inversion center in fluoroindate &sses than it is in fluoroxirconate.
Introduction
There is a great interest in the study of rare-earthsdoped heavy-metal fluoride glasses. The addition of these ions is known to increase the stability against devitrification and corrosion and the class of materials obtained has an increasing potential use in the laser and optical fiber communication industries [ 
11.
Besides the well-known fluorozirconate glasses several systems based on indium'fluoride have been studied [ 21. One of the major interests of fluoroindate glasses lies in their low multiphonon absorption which enlarges the infrared spectroscopic range of utilization of fluoride glass up to 7-8 pm. Therefore rare-earths-doped fluoroindate fibers are likely to be used to make new laser sources beyond 3 urn and more efficient emitters between 1 and 3 pm. Also as the multiphonon emission rate is lower in fluoroindates than in fluorozirconates glasses, the non-radiative energy transfers between close levels is reduced and some fluorescence transitions which are not observed in ZBLAN-doped glasses can be made active in these new compositions. It is thus important to invest&ate and understand the rare-earth spectroscopic properties in those media.
In this context it is interesting to use Eu'+ because of the simplicity of its electronic energy scheme and the sensitivity of the electronic transitions to changes in the local environment [ 31. Some papers have been reported dealing with Eu3+ spectroscopy in fluorozirconate and fluoroberylate glasses [ 4-10 1. Fluorescence line narrowing has been studied recently for barium-indium-gallium fluoride glass [ 
111.
The vitreous region in the pseudo-ternary system InFs-ZnFz-( SrF2-BaF2) has been established by one of us [ 121. It was also observed that the glasses can be stabilized by addition of small amounts of GaF3, GdF3, CaFz and NaF [ 13 1.
We present here the excitation and emission spectra and lifetimes of these compositions doped with Et?+ and Gd3+ as well as measurements of fluorescence line narrowing. The results obtained at room and liquid-N2 temperature are compared with those obtained for the better-known fluorozirconate (ZBLAN) glass doped with EuF3. 
Spectroscopic measurements
Excitation and emission spectra were obtained with powdered samples at room temperature and at liquid-N1 temperature using a Spex Fluorolog F12 11 fluorimeter with excitation from a 450 W Xe lamp. Excited states decay times were obtained with the same spectrometer at room temperature with excitation from a pulsed Xe lamp (5 J/pulse, 3 ps pulse width) and detection with a Spex 1934D phosphorimeter.
Fluorescence line narrowing data were obtained with bulk samples at liquid-N2 temperature with a homemade dc rhodamine 6G dye laser pumped with a Inova 400 Coherent Ar ion laser. A Spex 1403 double monochromater coupled to a RCA 3 1034 cooled photomultiplier was used for signal detection. identified up to 250 nm. In fact the Eu-F charge transfer is predicted to be located at much higher energies [ 141. For the samples (INFl ) and (INF2) the lines observed at 273 and 275.5 nm are assigned to the Gd3+ 8S7,2+6P7,2 transition, revealing Gd'+ +Eu3+ energy transfer. For the three INF glasses one observes, with increasing Ed+ concentration, a decrease in the relative intensity for the lines occurring at wavelengths higher than 350 nm. This phenomenon seems to be related to a concentration quenching mechanism more easily observed in the emission spectra and lifetimes, although we found no clear explanation for this behavior.
Results and discussion
Taking the intensity ratio between the U=2 and AJ= 1 transitions as a measure of the asymmetry for a given lanthanide environment, the transition intensity ratio 'FO+'Dz (464 nm)/'Fo+'D1 (532 nm) is found slightly higher for ZBLAN compared to the INF glasses denoting a less-symmetric ligand field for Eu3+ in ZBLAN than in InF. Fig. 2 shows a selected region of the excitation spectra for (INFl ) and ZBLAN glasses (note that abscissa scale has been changed to cm-' ), where vibronic lines are observed associated with the 'F,,+'Di (19040 cm-') and 'F,,jSD,, (17290 cm-') electronic transitions. They are also observed with the 'F,,+'DZ transition (not shown in Fig. 2 ories predict selection rules AJ= 0, f 2 for vibronics. The observation of vibronics belonging to the magnetic dipole 7F0+5D1 (AJ= + 1) transition may indicate classical one-phonon vibronic replicas and consequently an important Huang-Rhys parameter, which is not expected for these ionic hosts [ 14,15 1. As usually done in the literature [ lo] the electronphonon coupling parameter, g, may be evaluated by calculating the intensity ratio between the vibronic and the associated electronic lines. g values are around 0.15 for all glasses studied in this work. There is no appreciable variation in g with Eu3+ concentration. Raman spectra [ 161 show for fluoroindate glasses a strong polarized band at = 507 cm-' and a broad depolarized band centered at = 203 cm-'. IR reflection spectra [ 161 show modes at x 484 and 225 cm-'. Raman spectra for ZBLAN show a polarized band at 580 cm-' and several depolarized weak bands at lower frequencies [ 17 1. As shown in Fig. 2 vibronics are related with vibrational modes with frequencies lower than the Raman or IR highest frequency modes. This feature has been assigned to a local vibration including the lanthanide ion in a simple harmonic 05 cillator [ 91. This lowering in frequency is not observed for oxide glasses and many crystals and in fact two different types of vibronic transitions are known: those denoting a lanthanide-ligand vibrational mode and those showing molecular modes of the ligand group [ 14,151. Fluoride glasses seem to fit the former case while oxide glasses show the later case. Fig. 3 shows the overall LNT Eu3+ emission spectra of the four glasses studied with A,=394 nm ( 'FO+ 5La transition). Emission is observed from the 'DJ(J=O, 1,2and3)excitedstatestothe7FJ, (S=O, 1, 2, 3, and 4) lower levels. As was done for excitation spectra, the assignments of the transitions could be done by comparing each spectrum with literature results. The emission from the higher 5DJ (J= 2, 3) is more intense in INFl glass than in ZBLAN (same Et?+ concentration). The transition 5D2+7F3 at 5 11 nm is particularly very intense corroborating the calculations of Blanzat et al. [ 51 for the radiative transition probabilities in a fluorozirconate glass. For fluoroindates these values may not be very different and indeed, as the multiphonon decay rate is lower this transition is observed with higher intensity.
With the increase in Eu3+ concentration, the emission from the higher 5D2,3 levels is clearly quenched. Self-quenching is known to occur by ion-ion interaction in a cross-relaxation mechanism [ 18 1. As the 5Dz,3 levels are closely spaced there is a high probability for cross relaxation involving transitions between 'F., lower levels, as the Eu3" concentration increases [ 18,191. The intensity ratio 5D0+7F2/5Do+7F1 is smaller for fluoroindate than for ZBLAN glasses. As already observed in the excitation spectra, the point symmetry of the Eu3+ environment is closer to an inversion center in fluoroindate glass than it is in ZBLAN. Table 1 shows the decay times observed for transitions occurring from the Eu'+ 5DJ excited-state levels at room temperature (a,,= 394 nm). Decays from the 5D3 level were always found to be non-exponential. For the other 5DJ levels there is a decrease in the lifetime values with the increase in Eu3+ concentration. The decay time for the 5Dz level becomes non- nm; 1 ,=312nm) .Oneobservesa slight decrease in the decay times with the addition of Eu3+. One may therefore conclude from the excitation spectra and from decay-time measurements that the energy transfer from Gd3+ to Eu3+ occurs efficiently in these hosts. Fig. 4 shows selected emission spectra obtained with laser excitation in the 'F0-t5D,, profile for glasses INFl and ZBLAN. Fluorescence line narrowing is observed with great similarities between the glasses. As noted under broad-band excitation the intensity ratio 5D0-+7D2/5D0+7F1 is also smaller for INFl.
From the observed 'F, splittings some crystal field considerations may be done. Following the literature the Bi and B$ crystal field parameters have been calculated by diagonalizing the 3 x 3 'Fi matrix [ 41 with a CzV symmetry. In addition the comparison between different ligand fields is known to be better using Auzel's NV scalar crystal field parameter [20] defined as Table 2 gathers all the results. The range of values of NV (500-l 500 cm-') is narrower than those observed for oxide glasses (typically 600-2800 cm-' ) , denoting a narrower distribution of Eu3+ sites in the fluoride hosts. NV values are also higher for INF 1 than ZBLAN, and this may be rationalized in terms of the compromises existing between the Zr-F and In-F and the Eu-F chemical bonds. The lower is the force constant for the Zr-F or In-F bonds, the higher it is for Eu-F, and the higher is the NV value. From the analysis of the vibrational data the force constant was found higher for Zr-F than In-F and one concludes Wavenumber (cm-') Wavenumber (cm-') 
